Five new vibration-rotation tunneling states of Ar-H, 0 [the Z and lI ( 1, 1 ) and the Z and II (2,, ) internal rotor states and the n = 1, Il( l,, ) stretching-internal rotor combination level] have been accessed by tunable far-infrared laser spectroscopy. The measured vibrational band origins of transitions to these states are within 2% of predictions made from an anisotropic three-dimensional intermolecular potential surface (denoted AW 1) derived from a nonlinear least-squares fit to previous far-infrared spectral data [J. Phys. Chem. 94, 7991( 1990) 1. This provides strong evidence that the AW 1 intermolecular potential surface incorporates much of the essential physics of the intermolecular forces which bind the cluster. However, larger deviations from the predictions are found in the observed rotational term values. A detailed analysis of these deviations clearly demonstrates the need for even stronger angular-radial coupling in the Ar-H, 0 intermolecular potential than the already substantial coupling present in the AW 1 surface. Specifically, the presently observed Z ( 1 ,, ) state and the n = 1, S (0, ) state are found to be approximately 65:35 mixtures of the basis states which represent pure stretching and internal rotation. The B (2 ,2 ) level is found to be mixed just as strongly with n = 2, B ( l,, ). The formalism for accurately deperturbing vibration-rotationtunneling states coupled by Coriolis interactions used in the above analysis is presented.
INTRODUCTION
The Ar-H, 0 complex is among the simplest of all molecular clusters. It has become an important prototype in the quest for understanding the multidimensional intermolecular potential-energy surfaces (IPS's) and associated dynamics that govern the behavior of chemically important, but much more complicated, clusters like-the water dimer and the ammonia dimer. It also serves as a convenient vehicle for testing existing theories of intermolecular forces, and its IPS is relevant'for the simulation of hydrophobic interactions in model systems. In two recent papers, ',' we-have described the application of tunable far-infrared (TFIR) laser spectroscopy to the measurement of the intermolecular vibration-rotation-tunneling (VRT) spectrum of Ar-H, 0. Using these data, we have developed an accurate description of the three-dimensional anisotropic intermolecular potential characterizing the interaction of argon with a water molecule in its ground vibrational state.3 This potential, denoted Awl, is shown in Figs. l-3. The experiments described in this paper have been performed to provide a thorough test of the accuracy of this three-dimensional IPS. Two conclusions may be drawn from an approximate analysis of the experimental results described herein: ( 1) the AW 1 surface accurately represents the intermolecular forces acting between argon and water; (2) although the angular-radial coupling in the AWl surface isstrong, leading to substantial mixing of internal rotor and stretching states of the 'complex, even stronger angular-radial coupling is required in the IPS to precisely account for the newly observed bands measured in n1 Present address: Department of Chemistry, Harvard University, Cambridge, Massachusetts 02138. _ this work. Angular-radial coupling may be loosely described as variations in the position (distance of the argon from the center of mass of water) of the radial minimum as a function of the relative orientation of the two subunits. It results from anisotropy in both the attractive and the repulsive forces, but is expected to be dominated by the latter, which vaiy exponentially. On the AW 1 surface, the potential minimum for the argon approaching in'the plane of the water along the C,, axis from the hydrogen end occurs at a distance of about 3.75 A. This distance decreases more or less smoothly as the H, 0 subunit is rotated. In the planar C,, Ar-OH, configuration, the potential minimum is at 3.55 A. The measurements described in 'this' paper require stronger angular-radial coupling, implying either that the magnitude of the variation in the position of the radial minimum is larger than that indicated by this 0.2 A difference, or that there is not quite so smooth a variation as the monomer rotates.
In our first study of Ar-H,O,' we reported the measurement of two bending vibrations (at 21.26 and 24.62 cm -' ) which contained information about the anisotropy of the IPS in the region of the potential minimum. These bands were subsequently interpreted in accord with a model for the internal dynamics in the two angular coordinates (0,$) proposed by Hutson. We then measured two intermolecular stretching vibrations,2 the fundamental [n = 1, X(0, ) tn = 0, X(0,,, ) ] at 30.45 cm-*, and a stretching band built on the lowest excited internal rotor state [n = 1, I;( lo, ) +rt= O,Z( l,, )] at 33.88 cm-'. Thesespectraplace experimental constraints on the shape of the IPS in the radial coordinate (R) . The internal coordinates used to describe the intermolecular dynamics of Ar-H, 0 are a set of body- gon with respect to a water molecule fixed at its vibrationally averaged ground-state geometry. The three large-amplitude coordinates are the vector from the center of mass of the water to the argon (R ) , the angle between the C,, axis of the water molecule (8) and the vector R, and the angle describing the rotation of the water about its C,, axis (4). At 0 = 0" the argon is situated along the C,, axis and nearest to the hydrogens. At f3 = 180", the argon is closest to the oxygen end of the molecule. The reference geometry for 4 = 0" is chosen to be one in which all four atoms are coplanar. At 0 = 0" or 180", the interaction is independent of 4, since rotation about the c,, axis of the water with B fixed at these angles does not affect the relative orientation of the two subunits.
Initial attempts to understand the VRT spectra relied on approximate dynamical models which treated the angular and radial degrees of freedom as separable. Hutson developed a series of effective angular potentials describing the barriers to internal motion of the H,O subunit within the complex, averaged over the radial motion of the ground in- termolecular stretching state. Based on the Coriolis analysis which we presented in Ref. 2, Hutson was able to suggest that one of the several different potentials was more likely to represent the true surface than were the others. This potential has a minimum with the argon located in the plane of the water, oriented such that the van der Waals bond axis is oriented at 90" to the C', axis of water. It has a barrier of about 40 cm _ I at 6 = 90", 4 = go", the orientation at which the argon atom sits directly above the H,O plane, and has barriers to rotation in the plane of the water of 15 cm ' at both the Ar-Hz 0 and the Ar-OH2 geometries. In our own work, presented in Ref. 2, we developed a series of effective radial potentials for three of the measured B internal rotor states, estimating the anisotropic well depth to be approximately 150 cm '-' by assuming that the deepest effective radial potential samples the absolute minimum on the three-dimensional anisotropic IPS. The validity of both the angular model of Hutson and our own effective radial potentials' is predicated one the approximate separability of the angular and the radial coordinates. The observation that the two stretching frequencies measured in Ref. 2 were located 3.4 cm-' apart was the tlrst experimental indication that these coordinates are not even approximately separable in this complex. This 3.4 cm -' difference is more than 10% of the stretching frequency. Although, we mentioned this fact in Ref. 2, its importance was not fully appreciated at that time. It indicates a large perturbation to one or both states and underscores the need for rigorous treatment of the dynamics in even the simplest weakly bound complexes.
Direct fits of the experimental data to obtain a threedimensional IPS were not performed when these data were collected because of both the significant computational expense and the complexity of the programming required to accurately calculate the eigenvalues of the multidimensional Hamiltonian for the internal and the overall rotational motions. Subsequently (Ref. 3)) we developed an adaptation of the collocation method, which was successfully employed for molecular eigenstate calculations by Peet and Yang,'-' to rotating three-dimensional systems. The collocation method is a simple and eflicient method for accurately computing the eigenvalues and the eigenvectors corresponding to VRT states of weakly bound complexes. It was used previously to obtain the energies and the wave functions of Ar-CO,," Ar-HC1,6*7 and Ar-H, 0.3 The computational simplicity is especially appealing. For example, excluding the potential subroutine and the matrix eigenvalue routine, Peet and Yang" obtain the Ar-HCl eigenvalues to an accuracy of 0.001 cm-i with less than 150 lines of code. The Ar-H,O eigenvalue subroutine, which was developed in Ref. 3, has been embedded in a nonlinear least-squares loop and used to perform a direct tit to the experimental VRT energy differences involving the total angular momentum states J = 0 and J = 1. The resulting three-dimensional IPS for Ar-H, 0 (denoted AW 1) has a 174.7 cm -' minimum corresponding to a planar structure with the water symmetry axis oriented nearly perpendicular to the vector joining the centers of mass (R = 3.598 A) . In the region of the minimum, the AWl potential is very flat. Barriers to motion of the argon in the plane of the H2 0 are about 22 cm -i at the Ar-OH, configuration and 17 cm-i at the Ar-H, 0 configuration. The largest barrier occurs for motion out of the plane. There is a 47 cm -' barrier for having the argon located directly above the plane of the water. These aspects of the surface are similar to those obtained by Hutson, suggesting that the interaction is at least qualitatively described by an approximate two-dimensional analysis. Two other significant features are evident in the Awl IPS, which are not accessible in the twodimensional angular surface; both of these contribute to the strong angular-radial coupling that mixes pure internal rotor and pure stretching basis states, which otherwise constitute an excellent zeroth-order approximation to wave functions describing the intermolecular dynamics. First, there is significant variation in the position of the repulsive wall with the angle of approach of the argon. At the dissociation energy, the argon can approach nearly 0.2 A closer to the H, 0 center of mass at the oxygen end of the molecule than at the hydrogen end (see Fig. 1 ) . Second, the long-range attractive forces are a maximum at orientations in which the argon is closest to a hydrogen atom. This is indicated in Figs. 2 and 3 , which show the angular portion of the surface at R = 3.6 w and at R = 4.0 A. The effects of the exponential repulsion are substantially reduced at 4.0 A, so this plot primarily reflects the attractive anisotropy. These attractive forces are shown to favor a linear hydrogen-bonded orientation for the complex. Analysis of the contributions of the different anisotropic components (induction, dispersion, and repulsion) to the shape of the IPS could not be inferred from a one-or twodimensional approximate treatment of the intermolecular dynamics.
The limited experimental data set used in developing the AWl surface permitted accurate determination of nine different parameters in a series expansion of the IPS; the higher-order terms were all arbitrarily fixed to zero. To the extent that the series expansion of the potential is rapidly converging, these parameters represent an adequate description of the intermolecular forces present in the interaction of argon with water. However, with the exception of the Awl surface, accurate anisotropic IPS's have been derived only for a few atom-linear molecule complexes,' and a universal understanding of the rate of convergence or optimum form of model IPs's has not yet emerged from such work. An accurate and detailed characterization of intermolecular forces in Ar-Hz0 requires experimental confirmation of the convergence of the potential expansion. Toward this end, we have measured five new bands of Ar-H, 0. These measurements, in themselves, double the size of the data set used to develop the AWl surface, and provide an exacting test of its accuracy* Ar-H,O has also been the subject of several other experimental studies since the development of the AW 1 IPS. The microwave studies of Fraser et ~1." established more precise rotational term values for the normal isotope and determined rotational term values for several other isotopic species. That group also measured ,u~, the dipole moment of the ground state [H (O,, ) 1, set an upper limit to the value of pu, in the first excited internal rotor level [ 8( lo, ) 1, and measured the nuclear quadrupole coupling constants of Ar-H, "0. In other microwave work, Gutowsky and coworkers" experimentally confirmed the assignment of the Z( l,, ) state as arising from o&o-Ar-H,O through measurement of the triplet hyperfine structure associated with the spin-spin interaction,of the two hydrogen nuclei. Lascola and Nesbitt12 measured the fundamental asymmetric stretch of the H, 0 subunit in the near-infrared spectrum of Ar-H, 0. These measurements provide data from which an understanding of the dependence of the IPS on the intramolecular degrees of freedom can begin to be developed, and they characterize the nature of energy transfer between the two energetically similar OH stretching levels. Lascola and Nesbitt also determined the relative energy of the J= 1, B, 8( lo, ) and J= 1, B,II( lo, ) states on the ground-state surface to be 339.763(g) GHz from infrared combination differences. This observation compares quite favorably with our prediction of 344 GHz, made from the AW 1 potential surface.3 In addition to these measurements, Suzuki et all3 and Zwart and Meerts I4 have reported measurement of farinfrared VRT transitions in Ar-D, 0 and Ar-HDO.
There has also been considerable recent theoretical interest in the Ar-H,O complex. Pressure-broadening cross sections calculated on the AWl surface by Green" are about 15% lower than the experimental cross sections16 (just outside the error bars on the experimental data). Green has suggested that anisotropy in /?, the exponent which determines the slope of the repulsive wall, may be required in the IPS to more adequately describe the experimental pressure-broadening cross sections. The anisotropy in 0 was fixed to zero in the AW 1 surface. Ab initio calculations of the Ar-H,O interaction have been performed by Chalisinski, Szczesniak, and Scheiner17 and by Bulski et al." The calculations by Chalisinski, Szczesniak, and Scheiner produce anisotropy in the IPS which is similar to that present in the experimental AWl surface. Both have a broad, flat minimum with the H,O C,, axis nearly perpendicular to the van der Waals bond and all four atoms coplanar. The equilibrium structure on both ab initio surfaces places the argon in the plane of the water molecule, oriented so that the threefold hollow formed by one OH bond and the two nonbonding lone pairs is closest to the argon atom. As in the AWl surface, the dominant attractive and repulsive anisotropic forces occur in the vicinity of the hydrogens. The anisotropic repulsion in the ab initio surfaces is clearly smaller between the two hydrogen atoms, allowing closer approach of the argon along this orientation than in 'the hydrogen-bonded orientation. However, in the experimental AW 1 surface the repulsive -forces do not decrease between the hydrogens, since the form of the potential was'not sufficiently flexible and the experimental data did not explicitly require such anisotropy. Other features of the two surfaces are also different, especially the absolute well depth, which is 175 cm-' on the AWl surface. Chalisinski, Szczesniak, and Scheiner estimate that the true well depth is 25% deeper than the 108 cm-' indicated by their calculations. While this is significantly shallower than the AWl well depth, the two are not necessarily inconsistent since the experimental well depth is highly correlated with the parameter describing the slope of the repulsive wall (B).
In the present paper, we describe new experimental measurements which provide a critical test of the AWl surface. Five new VRT bands have been measured: the ~(1,,)+mlJo), ~(l,,)+m,),
II(2,,) ~2(1,, ), and the-n = 1, lI( l,, ) -2( l,, ) bands (Tables I-III) . The labeling of the states is represented by it (the number of quanta of stretching excitation), which for simplicity we omit when n = 0, s1= Z,II,A,... (the projection of the total angular momentum J, and identically, the projection of internal angular momentumj, on the pseudodiatomic axis), and jkokc (the free rotor level of the H, 0 subunit to which the internal rotor state most nearly correlates). The individual components of the doubly II degenerate states may also be identified by their full VRT symmetry in the molecular symmetry group of the complex, if necessary. For Ar-H, 0, this group is isomorphic to the C,, point group, which has four irreducible representations: A,, A,, B, , B, . Figure 4 presents an overview of the experimentally determined VRT energy differences in Ar-H, 0, along with the calculated positions of all other levels of Ar-H, 0 which are bound by more than 30 cm-'; Most importantly, the new data clearly demonstrate that the already strong angular-radial coupling present in the AWl surface is nevertheless not strong enough. Since this angular-radial coupling results primarily from the anisotropy in the position of the repulsive wall in the Awl surface, we conclude that there must be additional anisotropic structure in this region of the surface beyond that indicated in the AWl model.
EXPERIMENT
The tunable far-infrared laser used in these experiments has been described in detail by Blake et aI.'9*u, Tunable farinfrared radiation is-generated by mixing the output from a narrow-band ( < 100 kHz) fixed-frequency optically pumped far-infrared laser with the output of a microwave synthesizer (HP8673B) or its harmonics in a Schottky barrier diode (University of Virginia, No. 117). Microwaves in the range 2-60 GHz are coaxially coupled onto the diode, while frequencies in the range 60-l 10 GHz are coupled with waveguide. The resulting 10-100 ,uW generated at the sum and difference fr=w=ies (Wlaser f n~microwave.~ n = 1,2,3,:..) are separated from the much stronger fixedfrequency laser ( 10-500 mW) using a polarizing Michelson interferometer. The tunable sideband radiation is then focused into a multipass cell of the type developed by Perry and CO-workers,21 where it makes about ten passes through As in our previous studies of Ar-H20,',* the cluster is generated by passing argon over water in a reservoir and then expanding the mixture through the planar nozzle. The current version is a 4.0 in. X 0.001 in. nozzle described in detail by Busarow."" It gives more than a factor of 2 increase in signal over the earlier 1.5 in. long design. After passing through the Perry cell, the far-infrared laser radiation is focused onto a Putley mode InSb detector for the experiments near 1100-1400 GHz, or a stressed Ga:Ge photoconductor for the experiments above 1500 GHz. Signals are detected by frequency modulation of the laser and demodulation of the detector output at ZJT 
RESULTS
In Fig. 5 , we present a computer-generated stick spectrum of the nine different bands of Ar-H, 0 which have been observed by far-infrared VRT spectroscopy. The spectrum is nearly continuous, with VRT absorptions extending more or less uniformly from 550 to 1900 GHz (l&63 cm-'). In Figs. 6 and 7, we show examples of transitions in the n = 1, II( l,, ) +X( lo, ) and II(2,,) -Z( lo1 ) bands. The intensities in the stick spectrum are calculated for a 5 IS beam and take into account the transition frequency and degeneracy factors which contribute to the experimental intensities. Several other transitions with sufficient intensity to be observed are predicted to occur in this region, but only the bands that have actually been observed are plotted. The overall intensity of each band has been scaled by the square of the transition moment for the R (0) line [except for the Z c II band for which we scale using the P( 1) line] as calculated on a modified AWl surface. No correction for intensity perturbations leading to abnormal relative intensities in the P, Q, and R branches has been applied, although such effects are expected because of the presence of significant vibrational angular momentum and strong Coriolis coupling. Searches for the new bands (Tables I-III) reported in this work were guided by our predictions from the AW 1 surface. The observed R (0) transitions of the two 1, r bands were found at 1110.8 16 and 1225.837 GHz-within 2 and 14 GHz, respectively, of the frequencies predicted using the Awl surface, viz. 1112 and 1212 GHz. The lI(2,,) R(0) transition was observed at 1840.745 GHz and the X(2,, ) R(0) transition, which has not been observed, is estimated to be at 1690( rt 10) GHz, from the fit to high J lines in the 8(2,, > band. Again, the Il state was predicted more accurately than the B state on the AW 1 surface; these predictions respectively occurring at 1853 and 1740 GHz. The n = 1, lI( lo, ) +B( lo, ) R(0) transition was observed at 1343.788 GHz compared to the prediction of 1324 GHz.
In Table IV we present a detailed comparison of VRT transitions and rotational term values computed on the AWI IPS with the current experimental data set for Ar-H, 0. The newly measured vibrational frequencies and rotational term values were predicted to within 3%. However, much larger deviations from the predictions are evidenced in the I-type splittings in the II states. These measurements precisely specify the wave functions of the states involved and will ultimately contribute to a more accurate description of the angular-radial coupling in an improved experimental IPS. The differences between the experimental and the AW 1 J = 2 t 1 term values clearly indicate two dif- MHzferent types of deficiencies in the IPS. Both the II ( l,, ) and II (2,, > states have one parity component predicted accurately, while the other is predicted very poorly. As discussed in detail below, the only term in the Hamiltonian which splits the otherwise degenerate components of the lI and A (fi = 1 and a = 2) states is the Coriolis interaction. The Coriolis matrix element is diagonal in all quantum numbers, with the exception of (n. Its strongest effect is to mix (and thereby shift) Z and II states of the same Jand rovibrational symmetry. The component of II ( 1 11 ) and II (2,, ) which is poorly predicted is the one of the same rovibrational symmetry as the associated H state. In both cases, the shifted component is predicted using the AW 1 surface to be farther away from its partner of the opposite parity than was actually measured, i.e., the Coriolis interaction is too large on the AWl surface. Moreover, the Coriolis effect on Awl is already reduced substantially from that expected if the angular and radial degrees of freedom were approximately separable, as in Hutson's treatment. The reason for the deviation of experimental term values from the AW 1 predictions is that the already strong angular-radial coupling present in it is actually too weak! Angular-radial coupling in the IPS atfects the wave functions of the B ( 1 1 1 ) and the Z (2,, ) states by strongly mixing them with near-resonant stretching levels of the same symmetry [n = 1, X(0, ) and n = 2, B ( lo, >; see Fig. 4 and w,, 1 marily the region of the potential minimum, and the II = 1, II( l,, ) state samples primarily the geometry at which the argon lies directly above the plane of the H2 0. Apparently the AW 1 surface can be improved at several different orientations. All of the other differences between the observed spectra and the predictions on the AWl surface may be ascribed to one or both of these types of inadequacies in the IPS. The relatively accurate predictions for the II-state components which do not interact with the companion Z states, and the errors in the VRT frequencies shown in Table IV , could be interpreted to imply that the II states are more accurately modeled on the AWl surface than are the Z states. However, it is more likely that the II states are less sensitive to the details of the surface, since there are not as many near resonances between Il internal rotor and II stretching states as there are between Z internal rotor and stretching states. Because no II states can be derived from j = 0 internal rotor levels, this same conclusion is likely to apply to a wide variety of van der Waals complexes.
CORlOLlS EFFECTS
Even an approximate understanding of the physical basis for the observed Ar-H,O spectra requires a detailed treatment of the effects of the two dominant perturbations in the spectrum, viz. angular-radial coupling and Coriolis mixing. To illustrate the effects of these perturbations, we construct a trial basis set of stretching, internal rotor, and overall rotation functions,
Here, the functions ,vn (R ) Here, ,LL is the pseudodiatomic reduced mass, R the coordinate operator, and r refers to all quantum numbers other than the projection quantum number (a) and the radial quantum number (n). As implied above, the R quantum number is nearly conserved if the Coriolis matrix element is small, since all other terms in the Hamiltonian, including the IPS, are diagonal in a. To further simplify the discussion, we shall neglect the effect of the operator l/R' which, in principle, can mix different stretching basis functions. The additional constraint S,,, can then be applied to Eqs. (3) and (4). The operator $i2/2~R2 then represents purely inertial effects, and we replace it with its expectation value over the radial eigenfunction. This expectation value is represented by B, the rotational constant for the state in question. It is common to make an additional approximation, known as the reversed adiabatic approximation ( RAA) , viz. that all of the bending states in a given stretching manifold sample exactly the same effective radial surface. This amounts to a complete neglect of angular-radial coupling. A single rotational constant may then be associated withal1 states sharing the same radial quantum number. In what follows, we make the somewhat less restrictive approximation that all states associated witha given internal rotor level [e.g., 8, II, and A(2,, ) ] and stretching quantum number have the same rotational constant, but do not require that the states associated with different internal rotor levels [e.g., 2( lo, ) and Z ( 1 r r ) ] sample an identical effective radial surface. We also assume that mixing between different free internal rotor states by the anisotropy in the IPS is insignificant. This last approximation is validated by full three-dimensional calculationsz3 of the wave function which indicate that the individual internal rotor states are 95% pure in the absence of angular-radial coupling. However, it should be noted that this approximation does not hold for deuterated isotopes of water because of the smaller ratio of the rotational energylevel differences to the anisotropic terms in the potentialenergy surface. It is convenient to restrict our attention to states with total angular momentum J =~ 1. In such states, only R = 0 (Z) and R = 1 (II) states are involved and the existence of ti = 2 (A) states cannot yet complicate the picture. For a state having an internal rotor wave function dominated by j = 1 (i.e., lo,, 1 L1, 1 ,. ), the Coriolis matrix element reduces to (9) Evaluating these expressions for J = 1, the splitting between the two components of the lI state is shown to be approximately
in states with j = 1. The superscript plus-minus signs are used here solely to differentiate between the two components of the II state and do not reflect any specific molecular symmetry.
In the fits to the experimental data presented below, we have tried to retain as much as possible of the form of rigorous Hamiltonian while allowing sufficient flexibility to reproduce the data to the measured accuracy. The diagonal VRT energies are expressed as a power-series expansion of 
We include the factor of 2 multiplying R2 in Eq. (3) in the expanded Hamiltonian [ Eq. ( 11) 1. This factor is not usually included in spectroscopic analysis, although it arises naturally in the expression of the Hamiltonian of the cluster in Jacobi coordinates. The difference is primarily formal, however, as it has a minor effect on the constants reported. We also include in the fits a parameter /? which represents the effect of the portion of the off-diagonal Coriolis operator (7-,Sll$2/2~R21r,~ f 1) which is not a simple function of the quantum numbers,), J, and a. This treatment is a slight variation on our previous Coriolis analysis, ' where we chose j3 to be equal to the entire coefficient multiplying
Deviation of the parameter /I from a value of fl = B should be interpreted as a breakdown of one or more of the approximations used to derive Eqs. (5) and (6). For instance, let us assume that the II state in a Z,II internal rotor pair is a pure state and that the B state is mixed with other states (a common occurrence inj = 1 of Rg-H,X, X = F, Cl, Br, 0, N). If the mixing is such that 50% of the B wave function is distributed over other states, then the effective value of p will be less than B. Specifically, it will be approximately equal to the product of the two coefficients C, and C,, , which describe the fraction of primitive wave function in the eigenstate, and B, i.e., p= &XC,, XB=OSXl.O x B. The complete picture of the Coriolis interaction among the mixed states is more complex than this analysis suggests, since we must account for the effect of the other 50% of the X wave function on the I-type splitting in the II state.
THE/= 1 ORTHO STATES
The approximate treatment of Coriolis effects described above is remarkably accurate for the orthoj = 1 VRT states of Ar-H,O. The I splitting in J = 1,l-I ( lo, ) is measured to be 0.205 GHz. Substituting this value into Eq. ( lo), along with an approximate rotational constant B = 3.0 GHz, yields an estimate of the energy difference between the J = 1, 8( lo, ) level and the J= 1, II( lo, ) state of 351 GHz. This compares to the experimental value of 340 GHz. In the II( l,, ) state, the observed splitting is 0.147 GHz, which yields tin estimate of the spacing between J = 1, Z ( 1 ,. ) and J = 1, II ( 1 ,. ) of 489 GHz, compared to the experimental value of 452 GHz. In the lo, states built upon one quantum of intermolecular stretch, the l-type splitting for J =-l-is 0.18 1 GHz. Estimating the rotational constant in these two states to be 2.75 GHz, the splitting between the Z and II states is predicted to be 334 GHz, which is reasonable approximation to the experimentally observed splitting of 3 16 GHz. The more complete analysis of the CoAolis interaction from the least-squares fits to data spanning a range.of angular momentum states supports the use of the approximations described in the above discussion of the dynamics of these states. The Coriolis parameter (fl) determined irr the fits nearly exactly equals B (within 5%) for all of the orthoj = 1 levels states, as expected from the theoretical model developed above. This implies that the following three approximations are valid: ( 1) the angular wave functions are not strongly mixed, (2) there is not significant mixing of internal rotor and stretching levels due to angular-radial coupling, and (3) the kinetic-energy operator l/R ' does not strongly mix different stretching states.
The results of a nonlinear least-squares fit of the measured VRT transitions to a model with' a diagonal cdfitiibution to the Hamiltonian as given in Eq. ( 11) and an offdiagonal Coriolis term of 0 [ 2j( j + 1) J( J + 1) ] I" is presented in Table V . The rotational constants and the vibrational frequencies were constrained to be equal for both components of the IT states, but the effects of the distortion constants were not required to be identical for the two components. In Tables V-VII, constants which apply to only one component of an l-type doublet are identified by the symmetry of the J = 1 level whose energy they describe. For example, D(B, ) refers to the lower component of the I-type doublet in all three of the measured orthoj = 1 II states. The experimental data included in the analysis were the four rotational transitions in the Z ( lo, ) state measured by Fraser et aZ.,,O the combination difference from Lascola and Nesbitt," which establishes the energy separation between J= 1, Z(l,,) and J= 1, B,II(l,,).
as 339763. (9) MHz, and 121 far-infrared VRT transitions. The FIR transitions include those reported by us previously,"' and the new measurements of transitions to the y1= 1, II( lo, ) state. These new transitions range from Q( 1) to Q( 14) and from P( 4) to R(O), and are shown along with the residuals from the fit in TABLE V. Results of the least-squares fit to thej = 1 ortho Ar-H, 0 transitions (MHz). The uncertainties in parentheses represent two standard deviations. The fit has an rms error (0) Table I . The transitions were weighted by the inverse square of the experimental uncertainty: 4-5 kHz for the microwave transitions, 9 MHz for the infrared measurement, and 0.7 MHz for the far-infrared transitions. Transitions observed in previous worklP2 are not reproduced here as they do not add significantly to the present discussion. The rotation and distortion constants obtained for the n = 0, l,, and 1 ,e states are essentially unchanged from the values which we presented in Ref. 2, and which have also been presented in Ref. 12. They are reproduced here primarily for purposes of comparison to the other states. In our previous analysis, p was totally correlated with the unknown separation between B and II( l,, >, which has since been measured by Lascola and Nesbitt.12 As a result, the values here differ from those we presented in Ref. 2. Also, the rotational constant in the n = 1, 2( lo, ) state is significantly different from that reported previously, since we have now been able to decouple the effects of the Coriolis interaction on the rotational term values in that state by measurement of the n = 1, II ( l,, ) VRT transition. II(2,, ) +2( l,, ) bands. The differences between the fits are discussed in the text.
(a) XL) [B, I n(212) [&I (Q branch) n(L) [B, 1 (P and R branches) In the Z and II ( 1 1 1 ) internal rotor levels of Ar-H, 0, a severe breakdown of the approximations described above and used to accurately interpret the effect of the Coriolis operator on the j = 1 ortho states of Ar-H, 0 is observed. For example, we measure the l-type splitting in J= 1, II ( l,, ) to be 0.25 1 GHz. Substituting an approximate rotational constant of 3.0 GHz into Eq. ( lo), along with the Ztype splitting, the II ( 1, I > state is predicted to be 286 GHz lower in energy than the 8( l,, ) state. This is more than twice the experimentally measured spacing of 115 GHz. Note also [Eqs. (9) and (lo)] that the Coriolis-induced shift in the rotational term value of J= 1 in the B level is equal to the splitting in the II state. Inspection of Table IV shows that the errors in the 1 ,, term values are not equal. The energy of J= 1 A, 2( l,, ) is predicted 215 MHz too high, but J = 1 A2 II ( 1 1 1 ) is predicted only 111 MHz too low. Furthermore, less than 50% of the difference between the predicted and the measured Z-type splittings can be accounted for by the difference between the measured and predicted spacing of the Z ( 1, 1 ) and II ( 1 1 1 ) states. Using the measured spacing of these two VRT states ( 115 GHz) and Eq. (lo), one can correct the prediction obtained from the AWl surface of (362 MHz) to get a new estimate for the Itype splitting in J = 1 of the II state of 3 15 MHz. This is still 60 MHz greater than the measured value of 253 MHz. This difference alone can be interpreted as a clear indication that one or both of the states involved in the Coriolis interaction is not a pure state but is substantially mixed. Further evidence is obtained from a corrected estimate of the J = l-0 term value in B ( 1 1 1 ) . For this transition, correcting for the difference between the measured and the observed position of 2( 1 11 ) gives an adjusted estimate of 6 129 MHz, .This is still more than 150 MHz from the experimental value of 597 1.1 MHz. In addition to the Coriolis effects, there must be interactions which cause the effective rotational energy of J = 1 A, Z ( 1, 1 ) to be smaller than predicted on the AWl surface. We believe this discrepancy to be caused by angularradial coupling in the IPS which mixes 8( 1 11 ) with n = 1, B (0, ) and perhaps other states, for the following reasons.
( 1) No reasonable effective angular potential derived by neglecting angular-radial coupling reproduces the observed ortho and paraj = 1 VRT energies. Specifically, 8( l,, > is always predicted to lie beZow Il( l,, ) on surfaces which reproduce the ortho:splittings, although it is observed above it.
(2) In our discussion of the IPS of Ar-H, 0 in Ref. 3, we pointed out the Z ( 1, 1 ) state of Ar-H, 0 is strongly affected by anisotropy in the position of the radial minimum, an effect primarily resulting from anisotropy in the repulsive wall. (3) The n = 1, Z(O,,)tn =0, X(0,,) stretching band is observed to be 3.4 cm _ ' below the 12 = 1, 2( l,, ) +y1= 0, 2( l,, ) stretching band. This large difference suggests that one or both of these stretching states is interacting strongly with a nearby internal rotor level, and/or that they sample drastically different effective radial potentials. (4) The difference between the predicted and observed rotational term values in the B ( 1 ,, ) state can be accounted for by coupling to a state with a much smaller effective rotational constant, such as an excited stretching state. (5) Full three-dimensional calculations of the wave functions on the AW 1 surface unambiguously demonstrate that in Ar-H,O the 8( 1 ,I ) is strongly mixed with n = 1, who ).
The experimental data for the three para levels of Ar-H,O were included in a simultaneous weighted leastsquares fit. These include new lines ranging from Q( l)-Q(l6) andP(12)-R(7) in the II(l,,)-X(0,,,) band, from P(11) to R(8) in the X(1,,)-X(0,,) band, and the previously measured2 transitions ranging from P( 5) to R ( 14) in the n = 1, Z (0, )-B (O,, ) band. The microwave transitions observed by Fraser et al" were also included, weighted by the reported measurement uncertainty. The far-infrared transitions were given a weight of 0.7 MHz, except for lines in the P and R branches of II ( 1 1 1 ) c Z (O,, ), for which there is an apparent systematic error of l-2 MHz in the measurements. These were assigned an uncertainty of 2.0 MHz. As for the ortho levels, we have fit the observed frequencies to a model Hamiltonian consisting of diagonal energies [ Eq. ( 11) ] and an off-diagonal Coriolis mixing term. A 3 x 3 matrix is constructed for these states as shown in Eq. 
The Coriolis operator is assumed to connect both the n = 1, X(0,,) andtheZ(l,,) statestothelI(l,,) state. Wealso assume that the II state is not significantly mixed with other states, viz. C, = 1.0. The off-diagonal matrix element con-netting n = I, X(0,) to lI(l,, 9 is set 'equal to c stretch (Heodoiis 9, and that connecting Z ( 1 iI ) to II ( 1, 1 ) is equal to Cbend (Hcoriolis 9. Contributions to the Coriolis effects from other states are expected to be small. Since the nearest Z eigenstate is about 20 cm -r away from the II state (Fig. 49 , the energy denominator causes .C!oriolis effects from interaction with these states to be at least six times smaller than from interaction with Z ( 1 1 I ) or n = 1, Z (0,). The contribution is further reduced by the small coefficient of Z ( 1, I ) in the other eigenstates [most of this basis state is contained in, the 8( l,, 9 eigenstate] . Analysis of the rotational term values 'presented below demonstrates that at least one other state is involved in the coupling to 8( 1 1i 9. Accordingly, we did not constrain the sum of Citretch and C kd to be equal to one. Attempts to simultaneously determine both of these coefficients and the Coriolis constant (/?) led to fits which were too highly correlated to be considered useful. Accordingly, we fixed the Coriolis constant to be approximately the rotational constant of the II ( 1 ,, ) state. This approximation is expected to be accurate to a few percent based on the results for the orthoj = 1 levels where B and fi were within 5% of each other. We then fit the coefficient describing the amount ( Cbend 9 of the primitive basis function Z ( 1 1, ) in the Z ( 1, 1 ) eigenstate, fixing the coefficient ( Cstretcb ) describing the quantity of this basis function mixed into the ti = 1, Z (0, ) eigenstate at a series of different values. The fits were found to be strongly sensitive to the quantity Cbend, but fits with the mixing coefficient Cstretch fixed anywhere in the range from O-0.6, all had rms errors that are consistent with the experimental uncertainty, and give G"d + CLb < 1.0. The fit obtained with Cstretch fixed at 0.4 is shown in Table VI (a), and the residuals from this fit are shown in Table II . In Table VI (b) we also give values of Cbend and the rotational constants for the n = 1, Z (0, ) and the II'= 0, Z ( 1 1, 9 eigenstates, obtained from fits with C,,,,;, fixed in the' range 0.2-0.6. Over this range of Cstretch, the C bend coefficient was found to vary from 0.66 to 0.79. The comparatively narrow range results because the Z and II ( 1 ,, ) states are a factor of 2 closer to each other than the Il ( 1, 1 ) state is to the IZ = 1, E (0, ) state. The interaction between the two 1 1, states thus dominates the Z-type splitting in the II state, which in turn, determines the value of Cbend .
The extensive mixing of the two Z levels with each other and with other states makes it more difficult to specify the deperturbed rotational constants of the para basis-states than for the orthoj = 1 basis states. If we assume ( 1) the IZ= 1, B (0, > eigenstate consists only of H ( 1 ii 9 and n = 1, B (0, ) basis states, and (2) the rotational constant in the unperturbed Z ( 1 ii ) basis state is equal to that in the II ( 1 I I > state [B l8 ('11)1 -2994 813(44) MHz], then we can derive the fixed -* rotational constants for the unperturbed basis states, including that of a third unknown state which is mixed into Z ( 1, , ) . The necessary relationships are given in Eq. and the observed rotational constants are taken from Table VI(b), and we solve for the two unknowns B 1" = '. =@co) 1 and B *. The deperturbed rotational constants are shown in Table VI . For Cstretch fixed at 0.6, Pq. ( 13) produces a-negative rotational constant for the third state. For this value of Cstretch , we relax the second assumption and allow the rotational constant of B ( 1 I I ) to be different from that of II ( 1, i ) and assume the interaction may be explained entirely by mixing of the two measured Z states. This analysis gives B [n = 1, X(0, ) ] = 2849.0 MHz and B [Z ( 1 I I ) ] = 2827.0 MHz. These rotational constants imply an average bond length in the internal rotor state which is larger than in the stretching fundamental. This is a physically unreasonable result. A more appropriate inference is that this value of the coupling constant, CYstretch = 0.6, is too high. Over the range, Cstretch =0.2-0.5, we find then-= 1, X(0,) rotational constant to range from 2839.0-284.0 MHz. This is within 30 MHz of the value of B in the n = 1, B ( lo, ) state, 2821.24(44) MHz, which we interpret as support for this deperturbation model. However, it is not likely that the rotational constant of Z ( 1 1 I ) is exactly 2995 MHz: Allowing the rotational constant for B ( 1 r r ) to be smaller than 2995 MHz would drive the rotational constant of the excited stretching state to higher values; allowing it to be larger than 2995 MHz would decrease its value. The latter is more likely, since twodimensional angular surfaces3 indicate the Z ( 1 ii ) state is stabilized by the IPS more than is the II ( l-1'1 ) state, and since that would bring the rotational constant in the 0, stretch closer to the values in the l,, stretching levels.
The coefficients which determine the wave functions of the IZ = 1, B (0, ) and the I: ( 1 ,, ) states may be inverted to obtain the size of the angular:radial coupling matrix element and the deperturbed frequencies of the two states. Neglecting the contributions from the third perturbing state, we find H angu,ar-radia, is 5 cm-' for Cstretch = 0.6 and it is 3 cm-' for C stretch = 0.3. The corresponding deperturbed frequencies for n = 1, I: (0, ) are. 1020 or 935 GHz for Cstretch = 0.6 and 0.3, respectively. The deperturbed frequencies of B ( 1 1 1 ) are 1108 and 119 1 GHz, respectively. At Cstretch = 0.6, the value forthe deperturbed stretching frequency is nearly identical to the frequency of the stretches built on the Z and II( l,, > states, which are 1019 and 998 GHz, respectively. This suggests that, the coupling matrix-element mixing these two states is nearly thestrongest that is consistent with the rotational constants, Cstrctch = 0.5-0.6. The 1108 GHz value for B ( 1, I ) is also close to the value predicted by purely angular models3 This lends additional support to the model for the deperturbation and to the conclusion that the mixing is strong.
already been shown to have a strong effect on the para states, and because no significant mixing of Z or II (2,, ) with other internal rotor states is indicated using effective angular potential surfaces, we assume that additional angular-radial coupling beyond that present in the AW 1 surface is responsible for the differences between the observed I-type splittings and those calculated on the AW 1 surface. For J = 1 states in a j = 2 internal rotor level the Coriolis matrix element is given in Eq. (6). Solving the 2~ 2 matrix for the J = 1 X and II(2,,) energies perturbatively gives a splitting in J = 1 of 24B '/AE in the II state, where AE is the energy spacing of the B and II levels. Using the measured Z-type splitting in J= 1, 0.672 GHz, and approximating the rotational constant to be 3.0 GHz, we find AE = 321 GHz, which is more than twice the measured value of 150( 10) GHz.
VRT state mixing in the 2,, states is much more complex than in the 1, 1 states. The n = 2, B ( lo, ) stretching level most likely dominates the perturbation, mixing strongly with B (2,, 9. The II (2,, ) state has two nearby II stretching levels which it may interact with. n = 1, II ( 1 ,. > and n = 2, II ( l,, ). For J> 1, the effects of the Coriolis interaction with the A (2,, ) state must also be taken into account. In addition to these complications, the experimental data set is not as complete. None of the perturbing states has been observed, preventing a characterization of the mixing at the level of detail that was presented for the para levels. Also, only a few lines in the X(2,, > -Z( lo, j band have been assigned. We have measured a series of strong transitions in the range 1690-1706 GHz which we believe are the R branch of I: (2,, ) . All of these lines were easily observed on the second sideband ( v,sc, rt 2vmicrowavem ) from both the 1757 and the 1626 GHz laser lines. This gives an indication of their exceptionally large intensities. The P( lo), P( 9)) R (7)) and R (8) lines have been assigned based on lower state combination differences. Other P-branch lines are either obscured by atmospheric water, which is especially problematic in this region, and/or are in regions where the available microwave sources do not provide sufficient power to observe them. It is also likely that the P branch is much less intense than the R branch because of the intensity perturbations caused by the strong Coriolis mixing. In the limit of very strong Coriolis mixing, the transitions to the P branch become forbidden altogether. In this limit the internal angular momentum ( j) and the overall angular momentum (I) are both nearly good quantum numbers. The P-branch transitions correspond to electric dipole forbidden Al = 2, Aj = 1 transitions and the R branch to allowed AZ = 0, Aj = 1 transitions. The strong Coriolis perturbation also causes the R-branch pattern to be highly irregular, with a bandhead at R (4 ) or R ( 5 9, and prevents accurate estimates of the line positions even for the transitions adjacent to those which have been assigned, without a more accurate treatment of the Coriolis interactions than is currently possible. The lines are assigned to the Z (2,, ) + B ( lo, ) band based on their intensity, approximate position, and the rotational term values which are consistent with expectations for this strongly mixed band. The only other band expected in this region is n = 1, II ( 1 ,. ) + B ( lo, 9, which is expected to be much weaker and not to display as strong a Coriolis perturbation to the rotation term values as is evident in the S( 2,, ) c I: ( I,, ) band.
In Table VII , we present two fits to the four assigned 8(2,,)+X (l,,) transitionsandtheIl(2,,)+-~(l,,) transitions, including lines ranging from P( 119-R (9) and Q( 1 )-Q( 15). The ground-state B ( lo, ) constants were held fixed at the results from the fit discussed above and presented in Table V. In the first fit (a) we modeled each state separately using the Hamiltonian of Eq. ( 11) and omitted the obviously strong Coriolis coupling. The two components of the H state are treated separately in this fit. Predictions of the positions of the X(2,, ) R branch transitions based on this fit are consistent with the assignment of the strong lines in the 1690-1705 region to this band. In the second fit (b) the two observed 2,, states were assumed to be coupled by a Coriolis matrix element of the form given in Eq. (6). However, the actual quantity fi = 2037.24( 46) MHz, determined in the fit, should be interpreted as C, XC,, XB', where 8' is the expectation value of the operator fi'/2,3R ' between the two states. If we assume that the value of /I" ranges from 2850 to 3000 MHz, then the product, Cz XC,, , ranges from 0.71 to 0.68. This indicates that the mixing in the 2,, levels is comparable to that in the l,, levels, for which C, was determined to range from 0.65 to 0.69 and C,, was assumed to be 1.0. The actual mixing may be somewhat smaller than this analysis indicates. The n = 2, E ( lo, ) level pushes the perturbed component of the II (2,, ) state in the opposite direction from the X(2,,) state. Since the n = 2, 2( lo, ) state is closer to 11(2,,) than 11(2,2) is to X(2,,), the effects of Coriolis coupling to n = 2, B ( l,, ) are large. By J = 13 the larger rotational constant of the II(2,, > state compared to n .= 2, B ( l,, ) reduces the energy denominator in the interaction with this stretching level sufficiently that the effect of the two Coriolis interactions are nearly equal but in opposite directions. At this value of J the Z-type splitting approaches zero. A full analysis including the effects of the n = 2, 8( l,, ) stretching state would give a larger Coriolis constant to compensate for the additional perturbation, and hence a larger value for the product C, X C,, . More detailed treatment of the spectra than that presented here will require measurement of the n = 2, Z an d II( lo, ) levels, and the n = 1, II(l,,) and the A(2,,) state, so that the effects of coupling to these states can be treated explicitly. Alternatively, a direct fit to the three-dimensional IPS should reveal the nature of the VRT mixing in these states in great detail.
DlSCUSSlON
Twelve VRT states of Ar-H, 0, including the five new states described in this paper, have now been characterized by TFIR laser spectroscopy. A detailed analysis of the changes required in the AW 1 IPS by these and other recently acquired data will be presented in a forthcoming paper,23 in which a direct fit of the data to a new model for the threedimensional IPS is presented. It is nevertheless very useful to attempt to gain qualitative insight into the relationship between the structure of the IPS, the intermolecular dynamics on that surface, and the VRT spectra, particularly since the full three-dimensional calculations are expensive and time consuming. In Fig. 8 , we present a pictorial description of the internal motion and the most probable orientation of the H,O subunit within the complex for each of the six j = 1 internal rotor states. It is useful to think of the orientational distribution of the internal rotor levels as being analogous to that of electrons in atomic orbitals. The j = 0 level is like an s orbital and samples essentially all orientations with equal probability, the j 5 1 internal rotor functions are analogous top orbitals, the j = 2 to d orbitals, etc. This model is similar to those which have been presented for atom-diatom clusters.24*25 However, water is an asymmetric rotor and has much more complex internal dynamics within a cluster than does a linear molecule. The three j = 1 levels of water each have the projection of the H, 0 angular momentum along a different inertial axis. The lo, state rotates about the c axis, which is perpendicular to the molecular plane; 1,' rotates about the b axis, which is the C,, symmetry axis; and l,, rotates about the a axis. Each of these states can rotate with its angular momentum quantized along the van der Waals bond. In the j = 1 levels, the molecule is in a I: state when the axis of rotation is perpendicular to the van der Waals bond axis; and when the axis of rotation is along the van der Waals bond, the molecule is in a II state. The orientational distributions indicated pictorially in Fig. 8 The effects of the IPS on these states can be predicted directly from inspection of Figs. 2 and 8. The 2( lo, ) state is observed at lower energy than the II( lo, > state, since II( lo, ) is localized at 19 = 9Oq 4 = 90", the position of the largest barrier to internal rotation (47 cm-'). Similarly, II ( 1 1o ) is localized near the global minimum at 0 = 90", &= 0"; as a result it is lower in energy than the Z ( l,, ) state, which has amplitude at both barriers to in-plane rotation (22 and 17 cm '9 and at the barrier to out-of-plane rotation, but has a node at the global minimum. Both 1 ,, states have significant amplitude at the barriers; II( l,, > samples at the barriers to in-plane rotation, and Z ( 1 r, ) samples both at the maximum barrier to out-of-plane motion and at the global minimum. The analysis of the VRT dynamics in the two angular coordinates presented by Hutson shows that Z ( 1, i ) is more stable, but this result is not obvious upon inspection of the IPS. In addition to the nominal orientations of the water monomer in the different states, the average radial distance obtained by treating the water as a point mass and inverting the rotational constants from Tables V-VII is summarized  in Table VIII . In every case, the average bond length of the state in a &II pair which samples the barriers is longer than the bond length of the state which samples near the minimum. The average bond length in the n = 0, j = 0, and j = 1 states ranges from 3.67 to 3.72 A. Inn = 1, it is 3.78-3.89 A. From Fig. 1 , the repulsive anisotropy at the zero of energy on the AWl IPS can be seen to be about 0.17 A, with the argon able to approach to 2.9 A near the oxygen atom, but only to within 3.07 A near the hydrogen atoms. The observed states sample much lower on the repulsive wall, and have a variation in bond length which is consistent with a smaller repulsive anisotropy near the minimum, 0.05 A in n = 0, and 0.1 h; in n = 1. The n = 0, II(2,, ) state has an average bond distance of 3.8 1 A. This is too large for a state which is purely n = 0. Since this state is dominated by an n = 0 internal rotor state, it must be mixed with a state that has a bond length which is on average much longer than 3.8 A, most likely n=2, II(l,,) .
CONCLUSIONS
The spectra presented in this paper provide strong evidence for angular-radial coupling as one of the dominant
